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different modeling software is used for BRIRs 
modeling. This requires sufficient amount of time 
for the calculations. The needed time increases 
with theroom size and with the number of reflec-
tions. Also, during the various simplifications, 
some acoustical properties can be lost.
This paper investigates the possibility of using a 
measured reverberation tail instead of the modeled 
one in BRIR synthesis. It relies on the fact that-
there are certain similarities among the reverbera-
tion tails measured in the same room [4]. This 
indicates that finite (relatively small) number of 
measured reverberation tails can be used for more 
realistic binaural synthesis. In that way, pre-
measured tails can be used in combination with 
early reflections that can be modeled in real time.
2. Binaural Room Impulse Response
A BRIR consists of a pair of impulse responses 
representing an acoustical transfer functions of 
two transmission paths from a sound source to two 
receivers located in the ears (human or artificial 
head) [5]. It contains information about sound 
behavior in the environment (reflections in the 
room), as well as human binaural hearing features. 
It is of most importance, for good auralization, to 
obtain a BRIR for the specific source-to-receiver 
path. The most accurate approach for existing 
room is to measure BRIR for each position of in-
terest. However, there are different practical limi-
tations like large number of measurements in the 
room, time and equipment requirements, room 
accessibility etc. As an alternative to this, BRIRs 
can be simulated by acoustic room simulation 
software.
BRIRs can be divided into three parts: direct 
sound, early reflections and reverberation tail. 
Early arriving sound is more important for spatial 
impression than the late one. This is because the 
human hearing has strong suppressive mechanisms 
that mask input in the time domain (“precedence 
effect”) [5]. Another phenomenon called “binaural 
echo suppression” points that the effects of reflec-
tion, reverberation and background noise are less 
noticeable than when listening with one ear only 
[5]. Because of these phenomena many auraliza-
tion systems model the direct sound and early 
reflection as accurate as possible while approx-
imating the reverberation tail [6]. 
2.1. Reverberation tail
When a room is excited by an impulsive sound 
signal, the sound in the room decays as a function 
of time [7]. After numbers of reflection, the sound 
in the room may be considered diffuse: all direc-
tions of propagations are equally probable and the 
average energy density is the same across the 
room. After some time, individual characteristics 
of each reflection cannot be detected.
Different criteria for the reverberation tail starting 
point determination are proposed (transition time). 
The fixed value of 50 or 80 ms was suggested by 
classical architectural acoustics [e.g. 8]. Determi-
nation of transition time based on reflection order 
is common in BRIR synthesis. Approaches based 
on the mean free path suggest determination of a 
mean distance of a sound ray between two reflec-
tions in a room [7]. The mean free path of a room 
is determined as:
4Vl
S
, (1)
whereV is the room volume and S is the room 
surface area. Indirectly, transition time can be 
determined by checking the diffuseness of the 
sound field. For that purpose, determination of 
reflection density has been proposed as [7]:
3
24dN c t
dt V
. (2)
According to the criteria mentioned above, transi-
tion time for a small and medium size rooms is
placed between 20 and 80 ms.
Human hearing system is not equally sensitive to 
the changes in the reverberation tail as to the 
changes in the early arriving sound energy. How-
ever, the reverberation tail does contribute to some 
sound properties such as spatial impression and 
acoustical quality in enclosures. Especially, influ-
ence of the late arriving lateral reflections to the 
listener envelopment (LEV) is pointed out [8]. 
Thus, it is important to simulate the reverberation 
tail accurately enough at least to reflect correct 
acoustical properties according to the rendered 
acoustical scenes.
Most of the proposed techniques for the BRIR 
synthesis use statistical model for the late diffuse 
reverberant energy. Using a statistical model for 
the late reflections (reverberation tail) some spe-
cific acoustical properties of the room can be lost 
and the result of auralization might not be compa-
rable with the original room listening experience.
3. Methods of investigations
3.1. Measured BRIR
The BRIR measurements were done in a standard 
listening room at Aalborg University. The base of 
the room has a rectangular shape with dimensions 
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of 7,8x4,18m2. Three of four walls are with the 
slope on the top and the ceiling is a 2,78m high. 
Several BRIRs were measured at different posi-
tions in the room, with a different receiver orienta-
tion.
The BRIR measuring system consisted of a PC, a 
general purpose PC-based acoustical measuring 
device (01 dB Symphonie), a power amplifier, an 
omnidirectional dodecahedral loudspeaker, and an 
artificial head, ears and torso (Valdemar, AAU) 
with a pair of measuring microphones built in, 
Figure 1.
Figure 1. BRIR measuring system
The excitation signal was maximum length se-
quence of 16th order with 51,2 kHz sampling fre-
quency. The computed BRIRs were derived from 
the average of 16 consecutive measurements by 
Symphonie system in order to improve noise im-
munity. 
For the further analysis, BRIRs were measured in 
the middle of the room with source – receiver dis-
tance of 3,35m. Sound source was placed at 90O to 
the right of the receiver and 0,35m above the line 
of the receiver’s ears. The measured BRIR was 
resampled to the frequency of 44,1 kHz.
For the purpose of listening tests, measured BRIR 
is convolved with anechoic signals (speech and 
music). This gave a realistic auralization of the 
room where recording was performed. Convolu-
tion was performed using MatLab software.
3.2. Modeled BRIR
The modeled BRIR was obtained using the CATT-
Acoustic software [9]. A 3D CAD model of the 
standard listening room was built on the basis of 
the geometric data, Figure 2. Data of the room 
surfaces (material properties) were assigned in the 
software Prediction module. Positions of the 
source and receiver, as well as receiver orientation 
were picked to follow their mutual relation from 
the measurements. Based on all provided informa-
tion, full detailed echograms were obtained. To 
preserve high early part detail direct sound, first 
order diffuse and specular reflections, and second 
order specular reflections were handled determi-
nistically by the image-source model (ISM). For 
the late reflections, Prediction moduleuses “ran-
domized tail-corrected cone-tracing” (RTC) tech-
nique [9]. In a Post-processing module, obtained 
echograms were processed using the head related 
transfer function (HRTF) library which is included 
in the software. In that way, modeled BRIR is 
obtained. It was used for later room acoustic pa-
rameters comparison and evaluation.
Modeled BRIR was processed in the same way 
like measured BRIR. The same anechoic record-
ings were used here. The result was subjectively 
evaluated by listening test.
Figure 2. 3D CAD model of the standard listening 
room: surfaces with different material properties
3.3. Simulated BRIR
For the purpose of analysis, measured and mod-
eled BRIRs are combined in the way that meas-
ured reverberation tail are added to the early ref-
lections from the modeled BRIR. In that way, a 
simulated BRIR is obtained. The simulated BRIR 
was used for the room acoustic parameters com-
parison. After the convolution with the anechoic 
signals (the same signals have been used in mea-
surements and modeling), subjective evaluation by 
listening test was performed.
Different concatenation points are chosen accord-
ing to the proposed transition times mentioned 
before. Thus, concatenation time of 20, 40, 60 and 
80 ms were investigated. These numbers indicate 
the length of modeled early reflection followed by 
measured reverberation tails. The concatenation 
process includes energy preservation and cross-
fading at the junction of the concatenation.
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3.3.1. Energy preservation
The level of the measured tail used for BRIR si-
mulation may be very different from the level in 
the modeled tail. Thus, simply concatenating the 
modeled early part with the measured tail may 
lead to inadequate sound energy. Energy preserva-
tion can be done by scaling measured tail up or 
down depending on the energy level of the mod-
eled tail. Equation 3 shows the calculation of scal-
ing factor a, where t refers to the concatenation 
time, T refers to the length of the BRIR, pmod is the 
modeled BRIR and pmeas is the measured one. 
2
mod
2
T
t
T
meas
t
p t dt
a
p t dt
. (3)
During the scaling of measured and modeled 
BRIRs, left and right channel energy ratio is con-
sidered because of the interaural level differences 
(ILD) of the simulated BRIR.
3.3.2. Cross-fading
Cross-fading is used to prevent abrupt change at 
the concatenation. For that purpose, a triangular 
window with length of 512 samples was con-
structed. A right half of the window is applied to 
the end of the early part of the modeled BRIR 
while a left half is applied to the beginning of the 
measured reverberation tail. Overlap of 256 sam-
ples is achieved.
4. Results
Measured, modeled and four simulated BRIRs (20, 
40, 60 and 80ms time of concatenation) are in-
cluded in the analysis. All of them are observed in 
time domain (decay curves), and in frequency 
domain (frequency responses). In addition, room 
acoustic parameters are obtained and compared.
4.1. Time domain
Decay curves of all BRIRs are calculated using the 
Schroeder backward integration implemented in 
MatLab software package. Comparing the decay 
curves of the simulated and the modeled BRIRs, 
decay curves of the simulated BRIRs are closer to 
the decay curve of the measured BRIR, Figure 3. 
This is expected due to the fact that certain part of 
the measured and simulated BRIRs is the same. 
With the decreasing of concatenation time, which 
means that bigger part of measured BRIR is used 
for the simulation, decay curve of simulated BRIR 
get closer to the decay curve of the measured one. 
This leaves the modeled BRIR (blue line at Figure 
3) the worst case for the first 100ms of decay 
curve, while even the adding of measured tail at 
80ms makes the decay curve a significantly better 
approximation of the sound decay in the room.
Figure 3. Decay curves of measured (black), modeled 
(blue) and simulated BRIRs
4.2. Frequency domain
Frequency responses from all six BRIRs are ob-
tained by Fast Fourier Transform. The frequency 
response of the modeled room represents good 
approximation of the real room in the range of 
middle frequencies, Figure 4. Frequencies under 
about 600 Hz and above 4 kHz are less accurate. 
Also, frequency response from the right ear is 
more precise due to the fact that the sound source 
is located 90O to the right of the receiver and more 
of the direct sound is received. In the other hand, 
left ear received more reflected energy. A conse-
quence of sound propagation in enclosed at differ-
ent frequencies is visible.
Figure 4. Frequency responses of measured (black), 
modeled (blue) and simulated BRIRs
Frequency responses obtained by simulated 
BRIRs, are getting closer to the measured one. 
This becomes more obvious as the concatenation 
time is lower. Anyway, even with the concatena-
tion time of 80 ms, closer frequency response ap-
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proximation is noticed, especially at the lower 
frequencies. Differences at the higher frequencies 
are due to the incompatibilities between artificial 
head used in measurements and the HRTF library 
used in the modeling process.
Using the measured tail, response from the left ear 
is much better approximated which can lead to the 
better approximation of the room acoustic proper-
ties. This is noticed even for the short tail (conca-
tenated at 80 ms).
4.3. Room acoustic parameters
Based on the six BRIRs, room acoustic parameters 
are obtained according to the ISO 3382 normative. 
Main focus was on the perceptually relevant pa-
rameters for the simulation of room acoustics. 
Literature points at three objective parameters that 
have most perceptually significant: reverberation 
time (T), clarity (C) and interaural cross correla-
tion (IACC). These parameters from different 
BRIRs are compared. Values for the 1kHz octave 
band are given in Table I.
Table I. Room acoustic parameters for the frequency 
band with central frequency of 1 kH
BRIR T30 left
T30 
right
C50 
left
C50 
right IACCA
meas 0.423 0.438 3.815 8.033 0.259
mod 0.626 0.617 9.138 11.337 0.331
Sim
20ms 0.430 0.444 4.250 7.527 0.346
Sim
40ms 0.430 0.449 4.020 6.444 0.294
Sim
60ms 0.434 0.464 4.620 7.201 0.281
Sim
80ms 0.454 0.473 6.108 7.837 0.305
Other frequency bands follow the same trend. 
Comparing simulated and modeled parameters, 
parameters obtained from the simulated BRIRs 
are, in general, closer to the measured ones. Still, 
results for the IACC show certain deviations. Er-
ror values are calculated as an absolute difference 
between “measured” parameters as a reference and 
parameters obtained from different BRIRs (mod-
eled and simulated). Results are shown at the Fig-
ure 5 for the T30, at Figure 6 for the C and at Fig-
ure 7 for the IACC.
5. Pilot listening test
Anechoic speech and music signals are convolved 
with the measured, modeled and simulated BRIRs.
Figure 5. Reverberation time differences
Figure 6. Clarity differences
Figure 7. Interaural cross correlation differences
Obtained signals represent static auralization of 
the standard listening room. Reproduced by head-
phones, these signals should provide spatial im-
pression of the used anechoic sound. Also, acous-
tical properties of the room should be accom-
plished. The listener should have an acoustical 
feeling of being in the room at the same point 
where the artificial head used for the measure-
ments were standing.
Auralized signals were compared by the listening 
test. Subjects were asked whish signal is the most 
similar to the signal obtained using the measured 
BRIR.
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6. Discussion
Using the measured reverberation tail instead of 
the modeled one in the binaural synthesis can im-
prove spatial impression and reflect the acoustical 
properties of existing room more realistic. Even 
when the measured reverberation tail of 80 ms 
after the direct sound is used, improvements are 
noticeable. This is important because of the fact 
that differences in the BRIRs (obtained from the 
same room) after 80 ms are not noticeable as the 
differences in the early part. Thus, this can indi-
cate that finite, relatively small number of meas-
ured reverberation tails may improve binaural 
synthesis without audible lost. 
Anyway, further investigation is needed. Listening 
tests with more subjects have to be done. Also, an 
investigation about the number of measured rever-
beration tails that can be used in synthesis has to 
be performed as a part of the further work.
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